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Abstract. A detailed evaluation of geochemical properties of oil shale samples from the outcrops of the Lower Miocene upper layer in the Dubrava area, Aleksinac basin, Serbia, was performed. For that purpose X-ray diffraction (XRD) analysis, Rock Eval pyrolysis, gas chromatography-mass spectrometry (GC-MS) analysis of biomarkers and conventional pyrolysis in

Introduction
Twenty discoveries and two deposits of oil shale (OS) of Cenozoic age, mostly of the Neogene, have been found in Serbia. However, the majority of these accumulations with variable kerogen content and oil yield have been poorly explored. Aleksinac is the largest, richest and most thoroughly explored oil shale deposit in Serbia. The total estimated oil shale resources of Serbia are ca. 5 billion tons, while the potential reserves of the Aleksinac deposit are estimated at ca. 2.1 billion tons [1, 2] .
During the last few decades the Aleksinac oil shale has been studied with the focus on both, fundamental and applied aspects [1] [2] [3] [4] [5] [6] . However, a detailed organic geochemical examination of the oil shale has not been performed.
Organic matter (OM) is usually present in small amounts in sedimentary rocks like oil shale. Nevertheless it can provide important information about the origin, depositional environment, including climate, as well as age and maturity of oil shale. Also oil and gas generative potential of oil shale depends on the quantity, type and maturity of OM [7, 8] . For a better evaluation of the hydrocarbon potential of an immature OS sample, simulation of OM maturity changes in laboratory conditions by pyrolysis is commonly used [9, 10] . As the largest part of the sedimentary rocks is inorganic matter, analysis of OS mineral composition is important for the evaluation of depositional environment and effects of minerals on the OM preservation [7] .
For this investigation, oil shale samples from the outcrops of the Lower Miocene upper layer in the Dubrava area were collected. The aim of this study is to provide a detailed evaluation of geochemical properties of the Aleksinac oil shale with the purpose of determining the quantity, type, depositional environment, thermal maturity and hydrocarbon generative potential of its OM.
Geological setting
The Aleksinac oil shale deposit is located about 200 km southeast from Belgrade, in the Kruševac-Aleksinac Cenozoic basin (see Fig. 4 in [2] ). It covers an area of over 13 km 2 , with the resources of oil shale of ca. 2.1 billion tons [1] . The deposit is filled by Lower and Upper Miocene sediments. The Lower Miocene lacustrine sediments are up to 800 m thick. The basal conglomerates are overlain by alluvial-lacustrine sandstones, with some sandy shale and siltstone in the upper layers (Fig. 1) . These sediments are overlain by two layers of oil shale, and the main coal seam is located between them (2-6 m thick, locally up to 15 m) [3] . The Lower Miocene complex is covered by a layer of up to 700 m thick Upper Miocene marl, clay, sand and conglomerate (Fig. 2) [11] .
The lower oil shale layer has an average net thickness of approximately 20 m, and besides interburden sediments there are some thin coal layers. The upper oil shale layer has an average net thickness of approximately 56 m and directly covers the main coal seam (Fig. 2) . Outcrops of both coal and oil shale, which are in direct contact, are exposed on the surface in the area of an abandoned open-pit mine.
In the Aleksinac oil shale kerogen type I predominates, with more than 80 vol% [3, 12] . The kerogen mainly consists of degraded alginite with a characteristic laminated microtexture (lamalginite), rarely of telalginite. A relatively small percentage of kerogen type II (sporinite, liptodetrinite) was observed, while coaly kerogen was very sparse (< 4 vol%). An average oil yield (Fischer assay) of the upper layer of the Aleksinac oil shale is 8.5% [3] .
The Aleksinac deposit has a very complex tectonic setting as a result of large tectonic movements, which caused crimping, horizontal movements and numerous faults. By the end of the Lower Miocene, a steady lacustrine phase was terminated by intensive folding and faulting in the area, and the deposit was divided into tectonic blocks, with significant dipping angles [11] . The north-south trending belt of the Aleksinac oil shale deposit is divided by fault zones into three major blocks: Dubrava, Morava and Logorište. Minor faults divide the fields into numerous smaller blocks, from hectometer to kilometer in size. Offsets of layers in faults zones amount to 100 m, which causes the discontinuity of oil shale seams [11] .
For the purpose of this study, sixteen samples were taken in the Dubrava block, from the outcropping upper layer of Lower Miocene oil shale, precisely from a 250 m thick sequence above the main coal seam. The samples were taken as discontinuous channel samples, from the top of the bituminous marl sequence to the bottom of the upper oil shale layer (Fig. 2) .
Analytical methods
Rock-Eval pyrolysis was performed using a Rock-Eval 6 Standard analyser. About 25 mg of pulverized sample (fraction 0.2-0.4 mm) was used for the analysis. IPF 160000 calibration sample was used as the standard.
Procedures for elemental analysis, isolation of extractable OM (bitumen) and separation of saturated, aromatic and polar (nitrogen, sulphur, and oxygen, NSO-compounds) fractions from bitumen, as well as gas chromatography-mass spectrometry (GC-MS) which was used for analyses of biomarkers, were explained in detail in our previous papers [13, 14] .
The pyrolysis was performed on selected extracted (bitumen-free) sample containing kerogen with native minerals. The process was carried out in an autoclave under a nitrogen atmosphere, for 4 h at a temperature of 400 °C. Liquid pyrolysis products were extracted with hot chloroform. The liquid pyrolysates were further treated using the same methods applied to bitumen extracted from the oil shale samples (see above).
X-ray diffraction (XRD) was used for mineral identification and quantification. The XRD analysis was conducted on a Bruker D8-Advance diffractometer equipped with a Cu anode tube at 40 kV and 40 mA. The samples were analysed in the scan range from 2° to 70° (2θ), with a step size of 0.02° (2θ) and a counting time of 1 second per step. A LynxEye silicon strip position sensitive detector was used with a 3° opening and 176 active channels; the effective counting time was therefore 176 seconds per step. The sample rotation speed was 15 rpm. The data were collected by DIFFRAC-Plus Commander v.2.6.1 software (Bruker-AXS), and qualitative analysis was done using EVA v.16 (Bruker-AXS) and PDF-2 database (ICDD, 2008) [15] . Quantification was performed using TOPAS Rietveld refinement software (Bruker-AXS).
Results and discussion
Mineral composition
The mineral part of analysed samples is composed of clays, feldspars, carbonates, analcime, natrolite, quartz and bassanite ( of muscovite, followed by smectite and chlorite, while kaolinite is present only in sample D16 (Table 1) . Feldspars are mainly represented by microcline and albite, followed by orthoclase and sanidine in some samples (Table 1) . Their presence could indicate the terrigenous influence.
Carbonate minerals are identified in all samples. Dolomite is present in all samples with the exception of sample D16 (Table 1) . Some samples contain Ca-rich dolomite (or ankerite) and calcite, while aragonite is present exclusively in sample D16 as a dominant mineral (Table 1 ). Calcite and aragonite are of biogenic and/or chemical origin. While calcite can arise in different environments, aragonite usually occurs in the warm, shallow marine environment with reduced salinity, formed by direct precipitation from seawater or from skeletons of various organisms [16] . According to Müller et al. [17] it is formed in alkaline saline lakes.
Quartz is identified in almost all investigated samples in relatively low amount (Table 1) . Quartz, feldspars and carbonates are regarded as brittle minerals which have an important effect on the shale fragility [18] .
Minerals of the zeolite group, analcime and natrolite, are present in all samples except in sample D16 (Table 1) . Analcime was found in saline lakes and terrestrial sediments in warm, rather arid regions, frequently associated with phillipsite, chabazite and natrolite [19] . Analcime often occurs in sedimentary lacustrine basins in association with volcanoclastic material. Since pronounced volcanic activity during the Miocene in the area of the Aleksinac deposit was documented [20] , the presence of this mineral in analysed samples was expected.
Bassanite is present only in sample D16 (Table 1) . It is formed via dehydration of gypsum at higher temperatures. Additionally, bassanite can be formed as a primary evaporite mineral in a higher temperature setting or by evaporation of highly saline solutions [21] .
Mineral analysis has shown that samples D1-D15 have almost the same constituents, while sample D16 has a different composition. This result indicates certain changes in the depositional environment during formation of samples D16 and D1-D15.
Organic geochemistry of investigated samples
General characteristics
Total organic carbon (TOC) ranges from 1.31 to 29.10 wt%, being notably higher in D16 than in other samples ( Table 2 ). The content of free and weakly adsorbed hydrocarbons (S1) is in the range of 0.07-2.85 mg HC/g rock ( Table 2 ). The S1/TOC ratio shows that free hydrocarbons (HC) of investigated samples are indigenous and there is no organic contamination [22] . The content of bitumen in analysed samples ranges from 1565 to 16239 ppm, and as TOC is considerably higher in sample D16 ( Table 2 ). The content of HC in bitumen is in the range of 9.27-24.00 wt% ( Table 2) . Note: BM -bituminous marlstone; OS -oil shale; C org -content of organic carbon, wt%, obtained by elemental analysis; TS -total content of sulphur, wt%; TOC -total organic carbon, wt%, obtained by Rock-Eval pyrolysis; S1 -free hydrocarbons, mg HC/g rock; S2 -pyrolysate hydrocarbons, mg HC/g rock; S3 -amount of CO 2 generated from oxygenated functional groups, mg CO 2 /g rock; T max -temperature corresponding to S 2 peak maximum, ºC; HI -Hydrogen Index = (S2 × 100)/TOC, mg HC/g TOC; PI -Production Index = S1/(S1 + S2); OI -Oxygen Index = (S3 × 100)/TOC, mg CO 2 /g TOC; PY -hydrocarbon generative potential or potential yield = S1 + S2, kg HC/t rock; PC -pyrolysable carbon, wt%; RC -residual carbon, wt%; bitumen -content of bitumen, ppm; HC -content of hydrocarbons in bitumen, wt%.
The kerogen type, or quality of OM, was determined by diagrams Hydrogen Index (HI) vs maximal temperature (T max ) and HI vs Oxygen Index (OI) (Fig. 3) [7, 23] , as well as by the S2 /S3 ratio ( Table 2) . According to the mentioned diagrams, OM of the majority of the samples comprises type I and II kerogens. The OM of sample D13 consists predominantly of type I kerogen, whereas that of samples D4, D6 and D7 is dominated by type II kerogen (Fig. 3) . The S2/S3 ratio higher than 5 mg HC/mg CO 2 (Table 2) indicates that most of the samples contain type I or II kerogen. The lowest values of this parameter are observed for samples D4, D6 and D7, implying contribution of type III kerogen [24, 25] .
Production Index (PI) values in the range of 0.01-0.02 (Table 2) indicate an immature stage. PI also reveals that there is no external contribution of migrated hydrocarbons to the organic-rich facies, which is in agreement with values of S1. T max is in the range from 436 to 444 °C (Table 2 ). T max is not a reliable maturity indicator since its value depends on kerogen type [9, 24, 26] . Considering that most of the samples have a significant contribution of kerogen I type (Fig. 3) , the obtained T max values indicate that the investigated samples are in the immature to early mature stage [7, 24] . 
Hydrocarbon generative potential
Since the OM of all samples is immature to early mature, the hydrocarbon generative potential predominantly depends on its quantity and type. As mentioned in the previous section, the OM of all samples is dominated by type I and II kerogens or a mixture of these two, which have a high hydrogen content and therefore a high potential for hydrocarbon generation. Otherwise, the S2/S3 ratio (Table 2) shows that samples D4, D6 and D7 contain a certain amount of lower quality OM, type III kerogen depleted in hydrogen.
Pyrolysable carbon (PC) corresponds to the carbon present in the HC represented by S1 and S2. PC × 100/TOC value > 30% indicates an oil prone source rock [26] . In analysed samples TOC mostly consists of PC with an average value about 60% of TOC ( Table 2 ), indicating that the samples have a high hydrocarbon generative potential. Residual carbon (RC) is generally low in investigated samples (Table 2) .
Based on the pyrolysable hydrocarbons, S2 > 20 mg HC/g rock (Table 2) , the majority of the samples have an excellent source rock potential, whereas samples D4, D6 and D7 show a good source rock potential (Table 2 ) [23, 27] . Hydrocarbon generative potential (PY) value represents the maximum quantity of HC that a sufficiently matured source rock might generate [26] . All samples have PY values > 2 kg HC/t of rock (Table 2) which can be considered as a prerequisite for classification as a possible oil source rock [22] . Based on PY values (Table 2) , most of the samples have an excellent generative potential for oil, D4 and D7 samples have a good, and only sample D6 has a fair to good generative potential [28] .
The HI values in the range of 400-858 mg HC/g TOC (Table 2) indicate that the kerogen is oil prone with a high potential for oil generation [25] . The plot T max vs HI (Fig. 4) implies that almost all samples have potential to generate oil, whereas three samples -D4, D6, D7, have potential to generate both oil and gas. Based on Rock-Eval parameters and corresponding diagrams all samples showed a high generative potential for oil, with exception of samples D4, D6 and D7 which have potential to produce both, oil and gas. This is consistent with the estimated kerogen types ( Fig. 3 ; S2/S3 ratio in Table 2 ). 
Sources of organic matter
The OM source parameters of analysed samples were calculated based on distributions and abundances of n-alkanes, isoprenoids, steranes and terpanes ( Fig. 5; Table 3 ). Biomarker distributions shown in Figure 5 also suggest certain differences between sample D16 and the rest of the samples.
The n-alkanes are identified in the range of C 15 -C 35 . The distribution of n-alkanes is characterised by the dominance of n-C 27 , n-C 29 , n-C 31 and/or n-C 21 , n-C 22 , n-C 23 alkane homologues (Fig. 5a-b) . The long-chain odd n-alkane homologues (C 27 -C 33 ) commonly indicate contribution of higher plants, while mid-chain n-alkanes (C 21 -C 25 ) are derived from bacteria, algae, aquatic macrophytes and sphagnum. Short-chain n-alkanes (< C 20 ) originate from algae and bacteria.
The values of the terrigenous/aquatic ratio (TAR) in the analysed samples (Table 3) are relatively high and could be indicative of a higher terrigenous input from the surrounding watershed.
However, certain non-marine algae such as Botryococcus braunii race A could also contribute to C 27 -C 31 n-alkanes [29] . In earlier research it has been found that OM in the Aleksinac oil shale deposit predominantly originated from algae represented by lamalginite, whose precursor can be identified as lacustrine green algae Botryococcus braunii and Pediastrum [3, 12] . Moreover, Rock-Eval data suggest kerogen types I and/or II ( Fig. 3 ; Table 2 ). Therefore, it can be assumed that the green unicellular microalga, Botryococcus braunii race A, was one of the sources of the OM in the investigated samples. Considering the low maturity of OM, the CPI values (Table 3) do not reflect a high input of land plant material, which is consistent with Rock-Eval data ( Table 2) .
The major isoprenoid alkanes in the analysed samples are pristane (Pr) and phytane (Ph) (Fig. 5a-b) . In some samples regular isoprenoid alkanes C 16 , C 18 , C 21 , C 25 and irregular C 30 isoprenoid (squalane) are also present in low abundance. The presence of C 16 and C 18 regular isoprenoid alkanes is indicative of algal input [30] . The main precursors of C 21 -C 30 regular isoprenoid alkanes are lipids of haloalkaliphilic archaea [8, 31] . β-Carotane is identified in all samples. Carotenoids are tetraterpenoid organic pigments which are widely distributed in living organisms such as algae (particularly Dunaliella salina), bacteria and higher plants [8] .
The distribution of steranes ( Fig. 5c-d 
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The majority of the samples are characterised by the dominance of C 29 followed by C 28 regular sterane, or in some samples (D11, D16) by C 27 regular sterane. The C 29 regular steranes originate from sterols of higher plants, as well as from cyanobacterial and algal biolipid sterols [32] . Combining this result with n-alkane distribution (Fig. 5a-b) , parameters (TAR, CPI; Table 3 ) and kerogen types ( Fig. 3; Table 2 ), the predominance of C 29 sterane probably indicates a strong contribution of aquatic organisms such as green and brown algae (consistent with the contribution of Botryococcus braunii race A and Pediastrum), and some influence of higher plants OM.
The exact origin of C 21 -C 25 steranes remains unclear and they are often associated with microbially mediated diagenetic processes in the specific depositional environment, whereas diatoms are considered as the main pre-cursors of C 26 steranes [8] . C 28 -C 30 4-methylsteranes, which were exclusively identified in sample D16 (Fig. 5d) , are specific for dinoflagellates, certain bacteria and prymnesiophyte microalgae, restricted to marine or lacustrine environments [8, 33] .
The terpane distribution is characterised by the dominance of pentacyclic terpanes, i.e. hopanes, and a relatively low abundance of tricyclic (C 19 -C 30 ) and tetracyclic (C 24 ) terpanes (Fig. 5e-f) . The hopane distribution is represented by C 27 17β(H)-and 17α(H)-trisnorhopanes, C 29 -C 32 17β(H)21α(H)-moretanes and C 29 -C 32 17α(H)21β(H)-hopanes, as well as by C 29 -C 33 hopanes with the biogenic 17β(H)21β(H) configuration which is typical for immature OM. Prokaryotes are considered as the main biological precursors of geo-hopanes [34] . More abundant C 29 hopanes in sample D16 (Fig. 5f ) are consistent with carbonate source (Table 1 ) [8] . The tricyclic terpanes, present in low abundance in all samples, imply a microbial or algal origin [8] . The presence of gammacerane in all samples (Table 3) is indicative of bacterivorous ciliates, which occur in stratified water columns [8] .
The sterane/hopane ratio (S/H) reflects the input of eukaryotic (algae and higher plants) vs prokaryotic organisms to OM [8] . All samples, with the exception of D4 and D16, have the S/H > 1. Considering the previous discussion, this result can be attributed to the dominant algal input to OM relative to bacteria (Table 3) .
Maturity of organic matter
The parameters, C 29 ααα 20S/(20S + 20R) sterane ratio, C 31 αβ 22S/ (22S + 22R) homohopane ratio and C 30 βα/C 30 αβ ratio, were used to estimate the maturity of organic matter. The values of these maturity parameters (Table 3) are very far from equilibrium values (Table 4 ) [8] showing that the OM of all samples is immature, which is consistent with the previously discussed parameters (S1, Tmax and PI; Table 2 ). Based on the sterane maturity ratio (Rc = 0.49 × C 29 ααα 20S/20R + 0.33) [35] , the calculated vitrinite reflectance ranging from 0.36 to 0.44% (Table 3 ) is in accordance with the measured vitrinite reflectance in the Aleksinac oil shale (Rr = 0.41%) [12] and main coal seam (Rr = 0.44%) [3] .
Depositional environment
The absence of C 30 4-desmethylsteranes (24-n-propylcholestanes), as well as the C 26 /C 25 tryciclic terpane ratio > 1 and C 31 αβ 22R/C 30 αβ hopane ratio < 0.25 (Table 3) in all samples indicate lacustrine depositional settings [8] .
The values of Pr/Ph < 1 generally characterised a reducing depositional environment [36] . However, low Pr/Ph ratio (< 0.8) was also reported in hypersaline environments [37] . The biomarker composition showed that there were no indications of hypersalinity (e.g. C 21 -C 25 regular isoprenoids are absent or are present in traces only, 8-methyl-2-methyl-2-(4,8,12-trimethyltridecyl) chroman is absent, extended homohopanes above C 31 are not prominent in hopane distribution, C 35 homohopane is absent) [8] . Therefore, the Pr/Ph ratio < 0.4 in all samples (Table 3) implies sedimentation under reducing conditions, which contributed to the good preservation of algal OM.
The presence of β-carotane in all samples ( Fig. 5a-b) , being at the same the most abundant compound in the total saturated fraction of several samples (Table 3) , is a further confirmation of deposition of OM in a reducing environment. β-Carotane is commonly interpreted as a specific indicator of anoxic lacustrine, or highly restricted marine environments [8, 38] . The lower abundance of β-carotane in sample D16 can be attributed to the nondeep water column (less reducing conditions) and high sulphur content (Table 2) . Namely, the double bonds in β-carotene, the main precursor of β-carotane, can react with sulphur species, becoming part of a sulphur crosslinked system [39] , while in low-sulphur anoxic lacustrine systems (samples D1-D15) β-carotene is reduced to β-carotane. Such lacustrine systems are usually associated with algal-rich OM, showing high S/H ratio [40] , as in the case of D1-D15 samples (Table 3) .
Gammacerane, identified in all samples, is specific for water-column stratification, which commonly resulted from salinity at depth or temperature gradients [41] . The presence of both gammacerane and β-carotane represents the confirmation of water-column stratification and anoxic conditions at depth.
As previously mentioned, sample D16 mostly differs from the other samples in mineral composition, TOC amount and biomarker patterns (Tables 1-3 ). Carbonates are predominant minerals, aragonite, bassanite and series of 4-methylsteranes were identified exclusively in this sample, whereas minerals of feldspar and zeolite groups, as well as dolomite and Carich dolomite (or ankerite) were absent. These results indicate sedimentation in a calm alkaline environment (predominance of carbonates) under warm climate conditions (presence of bassanite), which contributed to water column stratification and the preservation of OM. The S/H ratio < 1 implies the prevalence of prokaryotic OM over algal, which may result from a shallow water column, consistent with an elevated temperature and lower amount of β-carotane. The enrichment of sulphur is probably the result of an alkaline environment permitting sulphate-reducing bacteria to thrive [42] . Abundant 4-methylsteranes and their distribution, which shows the trend C 30 ≈ C 28 > C 29 (Fig. 5d) , indicate a brackish lacustrine environment [39] , supported also by the Corg/TS ratio of approximately 5 ( Table 2 ) [43] . The obtained result can be attributed to intense tectonic movements during the Miocene, which have caused changes in deposition pattern. As a result, there was a hiatus in the area of the Aleksinac deposit during the Middle Miocene (Fig. 2) , but also minor marine ingression(s) during the Lower Miocene. Regional tilting affected an area of the seaway that connected the Paratethys Sea to the north, and caused a sudden marine inflow to the east, at the time of deposition of sediments represented by sample D16.
Samples D1-D15 contain a considerably lower amount of TOC than sample D16 (Table 2 ). These samples have notably higher contents of feldspars derived mostly from the terrigenous fraction of sedimentary rocks and lower contents of carbonate minerals in comparison to sample D16 (Table 1 ). This change, probably also induced by tectonic movements, can be related to the contribution of clastic material coupled with the nutrientsrich freshwater influx (resulting in increase of Corg/TS ratio > 10; Table 2 ) that supported high bioproductivity, which led to the formation of algal (Botryococcus braunii and Pediastrum) organic-rich sediments. Moreover, a slight rise of the water column and its stratification supported by warm climate [5] contributed to anoxic conditions at depth, which favoured OM preservation. Besides, the influx of fresh water into the basin which induced increased transport of clastic material into the basin, probably led to high sedimentation rates. Minor differences in biomarker distribution between samples D1-D15 (Table 3) can be attributed to slight variations in water column level (redox conditions) and contribution of clastic material/ allochtonous biomass of land plants, particularly in the samples with lower hydrocarbon generative potential (D4, D6 and D7).
Simulation of catagenesis phase by pyrolysis
The generative potential of samples was also investigated using conventional pyrolysis [10] . Pyrolysis was performed on bitumen-free samples D13 and D16. Sample D13 has the highest HI, whereas sample D16 is characterised by the highest TOC (Table 2) . Moreover, as already discussed, sample D16 mostly differs from the other samples in several aspects (Tables 1-3; Fig. 5 ). By pyrolysis, bitumen-free D13 and D16 samples generated a total liquid pyrolysate of 43900 and 39019 ppm, and hydrocarbons of 1790 and 2255 ppm, respectively ( Table 4 ). The yields are consistent with those of a source rock with very good potential [25] and support the assumption derived from elemental analysis and Rock-Eval pyrolysis of the initial samples (Table 2) . Therefore it can be assumed that OM content and type primarily determined the generative potential of OS, whereas the observed differences in mineral composition between D13 and D16 samples (Table 1) had a low impact.
Both pyrolysates have similar n-alkane distributions, in which n-alkanes C 16 -C 20 are predominant ( Fig. 6a ; Table 4 ). The CPI values for the pyro- lysates are close to 1, which is typical of a mature oil distribution (Table 4 ). An increase in the contents of C 27 steranes in both pyrolysates and content of C 28 sterane in pyrolysate of D16 (Tables 3, 4) in comparison to initial samples is consistent with OM type.
The sterane and hopane distributions in pyrolysates are typical for oils (Fig. 6b-c) , which shows that catagenesis was simulated successfully by pyrolysis. Values for C 31 αβ 22S/(22S + 22R)-homohopanes (Table 4) show that equilibrium had been achieved in both pyrolysates, which indicates maturity > 0.60% Rr. Sterane parameters C 29 ααα 20S/(20S + 20R) and C 29 αββ/(αββ + ααα), which are more applicable at higher maturity levels than C 31 αβ 22S/(22S+22R) ratio, have slightly lower values in pyrolysates than proposed equilibrium values (Table 4 ). This confirms that by pyrolysis maturity corresponding to the beginning of the main stage of oil generation was achieved. It is also documented by calculated vitrinite reflectance based on sterane maturity ratio (Rc) [35] in pyrolysates, having the values of 0.76 and 0.92 %, respectively (Table 4) . Moreover, this result indicates a notable increase in OM maturity in comparison to initial samples, which showed Rr and Rc of ca. 0.40%.
Conclusions
The origin, depositional environment, maturity and hydrocarbon generative potential of the organic matter of new oil shale samples from the outcrops of the upper layer in the Dubrava area, Aleksinac basin, Serbia, were evaluated.
The mineral part of analysed samples is composed of clays, feldspars, carbonates, analcime, natrolite, quartz and bassanite. Most of the samples have similar mineral compositions with predominance of clay and feldspar minerals. Three samples are characterised by an elevated content of carbonates. Among them, sample D16 has a notable prevalence of this mineral group. D16 also demonstrates certain differences in biomarker distribution and has a considerably higher TOC content.
In most samples organic matter consists predominantly of type I and II kerogens, showing high oil generative potential. Three samples (D4, D6 and D7) containing type II kerogen with a certain input of type III kerogen demonstrate potential to produce both, oil and gas. The organic matter of all samples is immature and corresponds to the vitrinite reflectance of ca. 0.40%.
Biomarker patterns along with Rock-Eval data indicated a notable contribution of aquatic organisms such as green (e.g. Botryococcus braunii race A) and brown algae and bacteria with some influence of higher plants OM.
The organic matter was deposited in a reducing lacustrine alkaline brackish to freshwater environment under warm climate conditions. Having started in a shallow calm carbonate alkaline brackish environment, deposition of organic-rich oil shales, represented by sample D16, resulted from intense tectonic movements which caused marine inflow from the seaway connected to the Paratethys Sea. Through time, change in depositional environment (samples D15-D1), probably also induced by tectonic movements, has occurred. That change was expressed by the influx of fresh water rich in nutrients that supported high bioproductivity, coupled with contribution of clastic material which resulted in high sedimentation rates and lowering of TOC. Minor differences in mineral composition and biomarker distribution between samples D1-D15 can be attributed to variations in water column level (redox conditions) and contribution of clastic material/ allochtonous biomass of land plants, particularly in the samples with lower hydrocarbon generative potential (D4, D6 and D7).
Conventional pyrolytic experiments confirmed that these sediments at the catagenetic stage could be a significant source of liquid hydrocarbons.
